Introduction
============

Head neck squamous cell carcinoma (HNSCC) represents the sixth most common malignancy worldwide with approximately 500,000 new cases diagnosed each year and remains as one leading cause of cancer-related death [@B1]. Currently, comprehensive and multimodality therapeutic approaches including surgical resection, chemotherapy and radiotherapy against HNSCC have been established. Nevertheless, the long-term survival rates for patients with HNSCC, especially for those with advanced diseases, have not been significantly improved largely due to high incidence of locoregional recurrence, cervical lymph node metastasis and therapeutic resistance [@B2], [@B3]. Despite previous many efforts have been devoted to unravelling the cellular and molecular mechanisms underlying HNSCC tumorigenesis, our understanding regarding this malignancy remains incomplete known until now [@B4]. Therefore, identifying novel prognostic biomarkers and druggable targets has been an imperative need for better patient stratification, treatment-decision guiding and discovery of effective therapies for HNSCC, which ultimately improve patients\' survival and quality of life [@B5].

The past decades have witnessed tremendous progress in epigenetic profiling, functional interrogation and therapeutic targeting in human cancer [@B6]. Cancer cells are characterized by dysregulated epigenetic landscape and exploited the chromatin regulatory machinery to enforce oncogenic transcriptional programs [@B7]. Of particular interests, bromodomain and extraterminal domain (BET) proteins are key epigenetic readers characterized by two tandem bromodomains (BD1 and 2) and mainly recognize acetylated lysine of histone H3 and H4 on chromatin, sometimes the acetylated non-histone proteins, to influence gene expression [@B8]. BRD4, the well-studied member of the BET family, usually recruits the transcription elongation factor P-TEFb, Mediator, transcriptional factors or select histone modifiers to facilitate transcriptional activation of target genes [@B9], [@B10]. Compelling evidence has revealed that BRD4 is critically involved in various cellular processes including cell cycle progression, cell growth control, apoptosis and tumorigenesis when it goes awry [@B11]-[@B13]. BRD4 is frequently overexpressed and clinically linked to multiple types of human cancer by enhancing oncogenic functions of major cancer- drivers by elevating their expression and functions in cancer, such as c-Myc in leukemia, ERG and AR in prostate cancer as well as ALDH in ovarian cancer [@B14]-[@B17].

Given the essential roles of BRD4 underlying transcriptional activation and tumorigenesis, selective inhibition of BRD4 has therefore been pursued as an attractive therapeutic strategy against cancer [@B18], [@B19]. Until now, several selective small-molecule inhibitors like JQ1 and I-BET762 have been developed to target the amino-terminal bromodomains of BRD4, which exhibits potent anti-proliferative effects with promising translational significance in a growing range of malignancies [@B15], [@B20], [@B21]. JQ1, the first-in class thienodiazepine small-molecule, binds the bromodomains of BET protein with exquisite shape complementarity and nanomolar affinity resulting in potent, transient and competitive displacement of BRD4 from acetylated chromatin, thus preferentially blocks transactivation of specific sets of genes in a dose- or context-dependent manner [@B21], [@B22]. Collectively, these aforementioned findings established a compelling rationale for therapeutic targeting BRD4 in cancer.

However, its expression pattern, detailed tumorigenic roles as well as translational potential as a novel therapeutic target in HNSCC remain largely undefined yet. In this study, we sought to assess BRD4 expression and functions by integrating bioinformatics\', genetic and pharmacological approaches by using online databases, clinical samples and preclinical animal models. Our findings further highlight that BRD4 is critically involved in HNSCC tumorigenesis and hold great potentials as a novel prognostic marker and therapeutic target for HNSCC.

Methods
=======

Cell lines, chemicals and treatments
------------------------------------

Human Oral Keratinocytes (HOK), HEK293T and a panel of HNSCC cell lines including Cal27, Fadu, SCC4, SCC25, HN4 and HN6 were used. HOK, HEK293T, Cal27, Fadu, SCC4 and SCC25 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and authenticated by short tandem repeat profiling at regular intervals. HN4 and HN6 were generous gifts from Dr. Wantao Chen (Shanghai Jiaotong University). HNSCC cell lines were grown in DMEN/F12 (Invitrogen) supplemented with 10% FBS (Gibco) and 100 units/ml penicillin and streptomycin, and maintained at 37℃ in a 5% CO~2~-humidified incubator. *Mycoplasma* testing was routinely performed during the course of this study. JQ1 (SML1524) and OTX015 (SML1605) were purchased from Sigma-Aldrich and dissolved in DMSO. Cells were treated with JQ1 or OTX015 with varied concentrations and time course as indicated.

DNA constructs, viral production and transfection/infection
-----------------------------------------------------------

Two independent short hairpin RNAs (shRNA) targeting human BRD4 mRNA (NM_058243.2) (shRNA-1: TRCN0000196576-GCCAAATGTCTACACAGTATA; shRNA-2: TRCN0000199427 CAGTGACAGTTCGACTGATGA) were subcloned into pLKO.1 puro lentiviral vector and verified by direct sequencing. The shRNA vector containing sequence without targeting any known human gene was used as negative control (shNC). The human BRD4 overexpression construct tagged with single FLAG was generated by inserting the BRD4 full-length cDNA template into lentiviral plasmid pLenti CMV-GFP-Puro and then verified by direct sequencing. Lentiviral particles were prepared by transiently co-transfecting HEK293T cells with individual lentiviral constructs or controls together with packaging and envelope plasmids (pCMV-VSV-G and pCMV-Δ8.2) using calcium-phosphate method. These viral supernatants were filtered, concentrated and stored until use. The efficiencies of BRD4 knockdown or overexpression constructs were confirmed by western blot following cell infection*in vitro*. The stable cell clones were selected by appropriate antibiotics (puromycin, 2-5μg/ml, Sigma) for at least one week after virus infection or plasmids transfection.

RNA extraction and real time RT-PCR
-----------------------------------

Total RNA was extracted from fresh tissues or cells with Trizol reagent (Invitrogen) and then subjected to reverse transcription and PCR reactions using PrimeScript^TM^ RT-PCR kit (Takara) as described previously [@B23]. The detailed gene-specific primers for genes of interests were listed in **Table [S7](#SM0){ref-type="supplementary-material"}**. Relative mRNA expression was quantified as compared to internal control GAPDH or 18sRNA using comparative CT method.

Protein extraction and western blot analysis
--------------------------------------------

Cells were lysed with ice-cold RIPA buffer containing protease inhibitor cocktail (Roche). Lysates were then separated by SDS-PAGE and transferred onto PVDF membranes (Bio-Rad). After 5% non-fat dry milk blocking and overnight incubation with primary antibodies, the blots were detected using appropriate horseradish peroxidase-conjugated secondary antibodies (Invitrogen). Immunoreactive bands on the blots were detected by ECL chemiluminescence kit (Millpore). Detailed information for primary antibodies were listed in **Table [S8](#SM0){ref-type="supplementary-material"}**. The relative levels of each protein were quantified with ImageJ software and GAPDH or β-Actin served as loading control.

Cell viability, proliferation and apoptosis assays
--------------------------------------------------

Cell proliferation and viability were monitored by absorbance using the MTT assay. Approximately 1000-3000 cells/well were seeded in the 96-well plates. At the indicated time points, 5mg/ml MTT (Sigma) was added to the cells and incubated at 37℃ for another 4h. Absorbance at 490 nm was measured with an automatic enzyme-linked immunosorbent assay reader (Molecular Devices). Cell apoptosis were determined by propidium iodide (PI) or Annexin V: PI Apoptosis Detection Kit (BD Bioscience) in a FACS Caliber BD flow cytometer. Data were processed using BD FACSuite analysis software.

Cell migration and invasion assay
---------------------------------

Cell migration and invasion assays were performed using wound healing and transwell chambers (8-μm pore size, Corning) with Matrigel (BD Pharmingen) pre-coating as we previously reported [@B23], [@B24].

Colony formation and tumorsphere assay
--------------------------------------

For colony formation assay, 10^3^ cells were placed into 6-well plates or dishes, allowed to grow for two weeks. After fixation and staining with crystal violet, these colonies (50μm in size) were visualized and counted. For tumorsphere formation assay, the disassociated single cells (10^4^/ml) were cultured in serum-free DMEM/F-12 supplemented with B27, 20ng/ml EGF (BD Bioscience) and 10ng/ml bFGF (BD Bioscience), and grown in ultra-low-attachment plates (Corning) for 10-14 days. For *in vitro* serial passages, these tumorspheres were harvested and dissociated into single cells by 0.1% trypsin and gentle pipette, and then filtered, re-plated to form secondary sphere in aforementioned serum-free media. Tumorspheres with diameter larger than 50μm were counted under microscope.

Patients and tissue specimens
-----------------------------

A total number of 103 patients with primary HNSCC receiving surgical treatment at the Department of oral and maxillofacial surgery, Affiliated Hospital of Stomatology, Nanjing Medical University between Jan. 2008 and Dec. 2015 were retrospectively enrolled. Patient inclusion criteria were described as follows: primary HNSCC without any prior history of chemotherapy or radiotherapy; patients underwent radical tumor resection and elective or therapeutic neck dissection as required; detailed demographic, clinical, pathological and follow-up data. The archived sample blocks and haematoxylin-eosin staining slides of each patient were retrieved and analyzed to confirm the previous histological diagnosis according to the established histological criteria. Twenty-four samples of healthy tongue and buccal mucosa were obtained from no-tumor surgery for histopathological examination. In addition, 65 pairs of primary HNSCC samples and adjacent non-tumor mucosa were freshly collected (Jan.2016-Dec.2017) upon surgical resection of primary lesions within 15 min and snap-frozen in liquid nitrogen, stored in -80℃ until use. Written informed consent was obtained from these patients or donors. This study protocol was reviewed and approved by the Research Ethic Committee of Nanjing Medical University.

Immunohistochemical staining and scoring
----------------------------------------

Immunohistochemical staining was performed on 4μm-thick sections from formalin-fixed paraffin-embedded clinical samples. The staining procedure was performed as we reported previously [@B25], [@B26]. Negative controls (without primary antibody incubation) were included in each staining run. Immunoreactivity was semi-quantitatively evaluated according to staining intensity and distribution using the immunoreactive score which was calculated as intensity score × proportion score. Intensity score was defined as 0, negative; 1, weak; 2, moderate; 3, strong. The proportion score was defined as 0, negative; 1, \<10%; 2, 11-50%; 3, 51-80%; 4, \>80% positive cells. The total score ranged from 0 to 12. Accordingly, the immunoreactivity of each slide was categorized into three subgroups based on the final score: 0, negative; 1-4, low expression; 4-12, high expression as we reported previously [@B25], [@B26].

HNSCC xenograft model and JQ1 treatment
---------------------------------------

All experiments involving animal subjects were in accordance with the institutional animal welfare guidelines and approved by Institutional Animal Care and Use Committee of Nanjing Medical University. Six-week-old female nu/nu mice were obtained and maintained in a specific pathologic-free environment. Cancer cells suspended in total 100μL PBS and Matrigel (1:1) were inoculated subcutaneously on the single or both flanks (at least 6 animals per experimental group). Tumor incidence and growth were monitored after inoculation and tumor diameters were measured by calipers every 3 days after tumor masses were identified. For drug treatment animal experiments, 2×10^6^ viable Cal27/Fadu cells were inoculated subcutaneously in nude mice. Four weeks later, mice bearing tumors with approximately 100 mm^3^ were randomly divided into two subgroups (6 mice per group) which were scheduled to receive the following treatments: 50 mg/kg JQ1 (dissolved in 10% cyclodextrine), once every day by intraperitoneal injection or vehicle only in controls for consecutive 15 days. Tumor volume was calculated as follows: volume=a×b^2^/2, where a and b were defined as the longest and shortest diameter, respectively. Final tumor weights were also measured upon animals were sacrificed. The tumor samples were processed for H&E staining and immunohistochemical staining.

4-nitroquinoline 1-oxide (4NQO)-induced HNSCC animal model and JQ1 treatment
----------------------------------------------------------------------------

For 4NQO-induced HNSCC animal model, 6-week-old C57BL/6 mice were treated with drinking water containing 50μg/mL 4NQO for consecutive 16 weeks and then given with normal water for another 8 weeks [@B27]. Animals with normal drinking water were used as negative control. Lesions in tongue were visually inspected twice every week. Samples were harvested at 16, 20 and 24 weeks after chemical administration and subjected to histopathological analyses. To detected the effects of JQ1 treatment in this chemical-induced HNSCC animal model, 20 mice with prominent tongue lesions at 24^th^ week were randomly divided (n=10 per group) and treated daily with either JQ1 at 50 mg/kg by intraperitoneal injection or vehicle control. After three consecutive weeks with JQ1 treatment, the samples were harvested and collected for histopathological analyses.

Establishment of HNSCC patient-derived xenograft (PDX) and JQ1 treatment
------------------------------------------------------------------------

Fresh samples upon surgery within 15 min were trimmed to remove necrotic tissues and transferred to a clean 50mL centrifuge tube containing DMEM/F12 with 1:100 penicillin/streptomycin (Gibco). After thorough washing, the tumor samples were cut into approximately 3-mm pieces and directly transplanted into flanks 4-6 week female NOD/SCID mice. Subsequently, the sites of implantation were checked twice each week for possible tumor formation. Tumor masses usually appeared about 2-4 months after inoculation. Tumor masses were harvested, dissected and implanted in another group of NOD/SCID mice using the same procedure until they reached approximately 1.0 cm in diameter. The passage harboring the original patient-derived tissue was termed P0 with subsequent generations labelled consecutively (P1, P2, P3, and so on). In this study, the third generation (P2) was expanded for HNSCC treatment. When the volume of PDX tumors reached about 100mm^3^, these mice were randomly divided into two groups (at least n=6 per group). Mice were treated daily with either JQ1 at 50 mg/kg IP or vehicle control. The samples were harvested after three weeks JQ1 treatment.

Data mining and interrogation of BRD2, BRD3 and BRD4 in HNSCC via publically available database
-----------------------------------------------------------------------------------------------

The original data concerning mutational landscape and expression of BRD2, BRD3 and BRD4 in HNSCC were retrieved from publically available databases Oncomine (<https://www.oncomine.org/>) and TCGA (<https://cancergenome.nih.gov/>). The mRNA expression levels of BRD2-4 (log2- transformed) in HNSCC and normal counterparts were retrieved from diverse studies and compared. The associations between expression status of BRD2-4 (high or low using median value as cutoff) and patient survival were determined by Kaplan-Meir analysis.

Transcriptional profiling and gene set enrichment analysis (GSEA)
-----------------------------------------------------------------

Genome-wide transcriptional profiling was performed in cells treated with JQ1 for indicated time. RNA samples were sent to transcriptional profiling using Agilent SurePrint G3 Human Expression v3 platform at the core facility, Shanghai Biotechnology corporation. Raw data were normalized by Quantile algorithm, limma packages in R and deposited in the Gene Expression Omnibus under the accession number GSE122522. Pairwise comparisons between treatment group and control were conducted to detect differentially expressed genes using Bioconductor package DESeq2. Gene set enrichment analysis was performed via GSEA (version v3.0) to identify gene ontology and biological process enrichments following the official user guide of GSEA [@B28].

Identification and validation of prognostic significance of JQ1-regulated gene signature in HNSCC
-------------------------------------------------------------------------------------------------

To identify JQ1-regulated gene signature with prognostic significance in HNSCC, we initially profiled the differentially expressed genes upon JQ1 exposure in Cal27 and Fadu cells by microarray and identified the overlapped genes as potential candidates responsible JQ1\'s anti-cancer effects. Then, univariate regression assay was utilized to identify candidates which were significantly associated with overall survival (with *P* value of less than 0.05) in TCGA-HNSCC datasets which were further filtered using Robust likelihood-based modelling for 1000 times via R environment with Rbsurv package and multivariate Cox regression analysis with top statistical significance [@B29], [@B30]. A risk score formula based on the expression level and coefficient of these selected candidates was generated and its optimal cut-off point was selected at the maximal sensitivity and specificity by receiver operating characteristics (ROC) curve. Subsequently, the prognostic values of this risk score were validated in TCGA-HNSCC dataset and other online available HNSCC cohorts (GSE41613 and GSE42743) [@B31].

Statistical analysis
--------------------

All quantitative data in the present study was shown as mean±SD of two or three independent experiments and compared with Student\'s t-test or ANOVA with Bonferroni post hoc test unless otherwise specified. The potential associations between BRD4 expression and various clinicopathological parameters were evaluated by Chi-square or Fisher exact test. The overall survival (OS) and disease-free survival (DFS) rates of patients were estimated using Kaplan-Meier method and compared with Log-rank test. The prognostic analyses were performed by univariate and multivariate Cox regression models to determine the individual clinicopathological variables with patient overall survival. P values less than 0.05 (two-sided) were considered statistically significant. All statistical analyses were performed using GraphPad Prism 7, SPSS 22.0 software and R 3.5.1 with Survival package, ROC package and Rbsurv package.

Results
=======

Overexpression of BRD4 mRNA associates with tumor aggressiveness in HNSCC
-------------------------------------------------------------------------

Previous studies have reported that BRD4 is aberrantly overexpressed in a broad spectrum of human cancer and significantly associated with malignant features and poor prognosis [@B13], [@B16], [@B32], [@B33]. To explore the expression pattern of BRD4 in HNSCC, we initially evaluated the mRNA expression patterns of BRD2, BRD3 and BRD4 using the publically available datasets including TCGA-HNSCC and Oncomine. As shown in **Figure [1](#F1){ref-type="fig"}A** and**Figure [S1](#SM0){ref-type="supplementary-material"}A**, all BRD2, BRD3 and BRD4 mRNAs were significantly upregulated in TCGA-HNSCC samples as compared to their normal counterparts. In addition, as shown in **Figure [1](#F1){ref-type="fig"}B-D,** data mining and interrogation from Oncomine database indicated marked overexpression of BRD4 mRNA in HNSCC samples from Ginos\' [@B34], Peng\'s [@B35] and Ye\'s [@B36] cohorts, whereas BRD2 and BRD3 mRNAs weren\'t consistently elevated in HNSCC but largely comparable with normal counterparts in these three independent cohorts (**Figure [S1](#SM0){ref-type="supplementary-material"}A**).

Moreover, our data from qRT-PCR in 65 freshly collected and paired HNSCC samples and adjacent not-tumor mucosa indicated that only BRD4 mRNA was significantly increased in HNSCC samples compared to the paired normal epithelial (**Figure [1](#F1){ref-type="fig"}E, Figure [S1](#SM0){ref-type="supplementary-material"}B-C**). Status of BRD4 mRNA expression categorized with median value as cutoff was found to be positively associated with tumor size and cervical node metastasis with *P*-value 0.0414 and 0.0225, respectively (Fisher exact test, **Table [S1](#SM0){ref-type="supplementary-material"}**). Only high BRD4 mRNA expression correlated with advanced pathological grade in TCGA-HNSCC cohort (**Figure [1](#F1){ref-type="fig"}F, Figure [S1](#SM0){ref-type="supplementary-material"}D**). However, we failed to reveal any significant associations between BRD2, BRD3 and BRD4 mRNA expression and patient overall survival in TCGA-HNSCC cohort, when the median values of their mRNAs were used as cutoff to stratify patients into low and high expression subgroups (**Figure [S1](#SM0){ref-type="supplementary-material"}E**). Noticeably, genetic alternations of BRD4 in TCGA-HNSCC dataset were approximately 10% and mostly of which were missense mutations (**Figure [S2](#SM0){ref-type="supplementary-material"}**), thus precluding the possibility that genetic aberrations of BRD4 might be not primarily responsible for its upregulation in HNSCC.

Overexpression of BRD4 protein associates with tumor aggressiveness and prognosis in HNSCC
------------------------------------------------------------------------------------------

To determine the protein expression of BRD4 in HNSCC, its abundance in a panel of HNSCC cell lines, freshly collected and archived clinical samples was measured. As displayed in **Figure [S3](#SM0){ref-type="supplementary-material"}A**, increased BRD4 protein was observed in all cancerous cell lines relative to immortalized non-tumorigenic cells HOK. Additionally, the expression of BRD4 protein was also determined in 40 pairs of fresh HNSCC samples and adjacent non-tumor tissues. As shown in **Figure [S3](#SM0){ref-type="supplementary-material"}B-C**, markedly elevation of BRD4 was detected in HNSCC relative to corresponding non-tumor tissue (*P* \< 0.01, Paired *t* test). Next, we measured BRD4 expression by immunohistochemistry in a retrospecttive cohort of 103 primary HNSCC samples. As shown in **Figure [2](#F2){ref-type="fig"}A-C**, positive nuclear staining of BRD4 was identified in cancerous cells, whereas weak or negative staining was detected in the normal counterparts. Based on our immunohistochemical staining scores, high BRD4 expression was identified in approximately 69.9% (72/103) in cancer samples and 29.1% (7/24) in normal counterparts, thus indicating aberrant BRD4 overexpression in a large fraction of HNSCC (*P* \< 0.001, Chi-square test,**Table [S2](#SM0){ref-type="supplementary-material"}**).

To further understand the clinical significance of BRD4 overexpression in HNSCC, we sought to identify the potential associations between BRD4 expression and patients\' clinicopathological parameters. As shown in **Table [S3](#SM0){ref-type="supplementary-material"}**, there were no significant correlations found between BRD4 and patient age, gender, smoking, alcohol use, cervical node metastasis and clinical stage. Noticeably, high BRD4 abundance significantly associated with large tumor size and advanced pathological grade (Fisher exact test, *P* \< 0.05). Moreover, patients with high BRD4 had much lower overall and disease-free survival rates compared to those with low BRD4 as estimated by Kaplan-Meier analyses (**Figure [2](#F2){ref-type="fig"}D-E**, Log-rank test, *P*=0.0162 and 0.0432). Importantly, BRD4 abundance was further identified as an independent factor for patients\' prognosis (*P*=0.021 and 0.026, Cox proportional hazards regression model, **Table [S4](#SM0){ref-type="supplementary-material"}**). Taken together, our data reveal that overexpressed BRD4 protein associates with aggressive clinicopathological features and unfavorable prognosis in primary HNSCC.

BRD4 is involved in chemical-induced HNSCC tumorigenesis
--------------------------------------------------------

Having revealed high expression of BRD4 in human HNSCC samples, we next utilized a well-established chemical-induced animal model to further characterize the expression pattern of BRD4 during HNSCC initiation and progression (**Figure [2](#F2){ref-type="fig"}F**) [@B27]. 4NQO treatment resulted in various pathological lesions in tongue which included epithelial hyperplasia, dysplasia, carcinoma *in situ* and invasive SCC, thus largely recapitulating the multiple-staged tumorigenic process in human HNSCC. As displayed in **Figure [2](#F2){ref-type="fig"}G-J**, immunohistochemical staining of BRD4 in these samples indicated negative or low staining in normal tongue mucosa and epithelial with hyperplasia, while prominent nuclear staining in dysplasia/carcinoma*in situ* and invasive carcinoma. As detailed in **Table [S5](#SM0){ref-type="supplementary-material"}**, positive staining of BRD4 was observed in carcinoma (87.5%, 7/8), whereas much less were detected in healthy mucosa (33.3%, 2/6), samples with hyperplasia (16.7%, 1/6) or dysplasia/carcinoma *in situ* (66.7%, 4/6). Together, our finding from chemical-induced animal model provide support that BRD4 might be critically involved in HNSCC development by serving as a putative pro-oncogenic factor.

BRD4 promotes cell proliferation, migration/invasion, chemoresistance and cancer stem cell maintenance in HNSCC
---------------------------------------------------------------------------------------------------------------

To delineate the tumorigenic roles of BRD4 in HNSCC, two shRNA sequences targeting human BRD4 were designed and delivered into Cal27 and Fadu cells with relatively high endogenous BRD4. As shown in **Figure [3](#F3){ref-type="fig"}A**, the protein abundance of BRD4 was greatly diminished after shRNA transfection, accompanied by a marked decrease of c-Myc, a well-established downstream target of BRD4, thus in part verifying the efficiency and specificity of knockdown. Subsequently, the relevant phenotypic changes of cells after BRD4 knockdown were monitored in detail. Impaired cell proliferation and increased proportions of apoptotic cells were observed in cells with stable BRD4 knockdown as measured by MTT, colony formation and flow cytometry assays (**Figure [3](#F3){ref-type="fig"}B-D**). In addition, several markers of cell apoptosis including cleaved PARP, cleaved Caspase3 and Bax were upregulated with concomitant Bcl-2 downregulation following BRD4 depletion (**Figure [3](#F3){ref-type="fig"}E**). Moreover, BRD4 knockdown also significantly enhanced the therapeutic sensitivity of the chemotherapeutic agents 5-FU and cisplatin *in vitro* (**Figure [S4](#SM0){ref-type="supplementary-material"}**). Furthermore, BRD4 depletion resulted in impaired migration and invasion as detected via wound healing, transwell invasion assays and expression of EMT-relevant markers (**Figure [3](#F3){ref-type="fig"}F-H**). As shown in **Figure [3](#F3){ref-type="fig"}I-K** and **Figure [S5](#SM0){ref-type="supplementary-material"},** BRD4 and c-Myc protein were markedly elevated in tumorsphere compared with cell cultured in monolayer. BRD4 depletion pronouncedly impaired the abilities of tumorsphere formation and reduced expression of cancer stem cell markers like CD44, Sox2 and Bmi1, suggesting BRD4 might be the critical regulator for stem-cell like traits in HNSCC. To further unravel the tumorigenic roles of BRD4 in HNSCC, we generated stable BRD4-overexpressing cells in HN6 (relatively low endogenous BRD4) by antibiotics selection (**Figure [S6](#SM0){ref-type="supplementary-material"}A**). Enforced BRD4 overexpression accelerated cell proliferation, migration and invasion as evidenced via results from MTT, colony formation, wound healing and transwell invasion assays (**Figure [S6](#SM0){ref-type="supplementary-material"}B-D**).

To verify the tumorigenic roles of BRD4 *in vivo*, we next developed a HNSCC xenograft model in which stable BRD4 knockdown cells were inoculated into left flanks of nude mice. As shown in **Figure [4](#F4){ref-type="fig"}A,C**, tumor growth was compromised in samples formed from BRD4-silencing cells as compared to those from control cells as evidenced by reduced tumor volume and final weight. Moreover, immunohistochemical staining of tumor samples revealed significantly reduced BRD4, c-Myc and Ki67 positive staining and increased cleaved caspase 3 in samples from BRD4 knockdown cells as compared to control (**Figure [4](#F4){ref-type="fig"}B,D**). Collectively, these findings reveal that BRD4 is critically involved in HNSCC growth and progression.

Pharmacological inhibition of BRD4 phenocopies BRD4 knockdown *in vitro*
------------------------------------------------------------------------

Previous pioneering studies have identified several chemicals targeting BRD4 with potency and demonstrated their promising utility as single drug or in combination with others against human cancer, thus highlighting translational potential of BRD4 targeting as a novel anticancer strategy [@B15], [@B21], [@B37], [@B38]. We first determined whether two BRD4 inhibitors, JQ1 and OTX015, were able to inhibit its functions*in vitro* (**Figure [S7](#SM0){ref-type="supplementary-material"}A**). The values of IC50 of JQ1 and OTX015 were significantly lower in Cal27 and Fadu cells as compared to non-tumor cells HOK and bone mesenchymal stem cells (BMSCs), indicative of less toxicity of these inhibitors in non-tumor cells (**Figure [S7](#SM0){ref-type="supplementary-material"}B**). As expected, both JQ1 and OTX015 exposure remarkably reduced c-Myc mRNA and protein abundance in a dose-dependent manner *in vitro* (**Figure [5](#F5){ref-type="fig"}A-B, Figure [S7](#SM0){ref-type="supplementary-material"}C-D**). However, the mRNA expression of BRD4 was not affected by JQ1 or OTX015 treatment (**Figure [S7](#SM0){ref-type="supplementary-material"}E**). Similar findings were obtained when another housekeeping gene 18sRNA was utilized as loading control in these qRT-PCR assays (**Figure [S8](#SM0){ref-type="supplementary-material"}**). Next, we measured the phenotypic changes of HNSCC cells following these inhibitors\' exposure. Not surprisingly, impaired cell proliferation and migration, tumorsphere formation as well as increased apoptosis were evident upon JQ1 or OTX015 treatment (**Figure [5](#F5){ref-type="fig"}C-J** and **Figure [S9](#SM0){ref-type="supplementary-material"}A-G**). Moreover, when cells were treated with JQ1 alone or together with 5-FU or cisplatin, more significantly anti-proliferative effects of combinational treatments were observed as compared to single agent treatment (**Figure [S9](#SM0){ref-type="supplementary-material"}H**), suggesting the potential synergic effects of JQ1 and these agents.

Therapeutic potentials of JQ1 in HNSCC xenograft, chemical-induced primary HNSCC and HNSCC-PDXs
-----------------------------------------------------------------------------------------------

Having revealed anti-tumor roles of BRD4 inhibitors *in vitro*, we further developed three pre-clinical animal models including tumor xenograft, 4NQO-induced HNSCC and patient derived xenograft (PDX) to determine the therapeutic effects of JQ1 *in vivo*. Following xenograft establishment, tumor-bearing animals received JQ1 (50mg/kg) for successive 15 days (**Figure [S10](#SM0){ref-type="supplementary-material"}A**). The tumor volume and weight of xenograft treated with JQ1 were significantly lower than those treated with the vehicle (**Figure [S10](#SM0){ref-type="supplementary-material"}B-C**). In agreement, less c-Myc, Ki-67 staining and increased cleaved caspase 3 staining were observed in samples from JQ1 treated mice compared with control samples (**Figure [S10](#SM0){ref-type="supplementary-material"}D-E**). Next, we administered JQ1 into animals starting at 24^th^ week for 3 consecutive weeks in 4NQO-induced HNSCC model (**Figure [6](#F6){ref-type="fig"}A**). Upon animal sacrifice, the tongue and cervical lymph nodes were harvested for histopathological analysis. As shown in **Figure [6](#F6){ref-type="fig"}B**, much less significant changes of tongue had been observed in JQ1-treated animals, while neoplastic or ulcerous lesions were frequently found in vehicle-treated mice. Histopathological examinations revealed that the numbers of dysplasia and SCC were significantly fewer following JQ1 administration compared with control (**Figure [6](#F6){ref-type="fig"}C**). In addition, much fewer metastatic lymph nodes were found in JQ1-treated mice relative to control (**Figure [6](#F6){ref-type="fig"}D**). Moreover, decreased Ki-67 staining and increased cleaved caspase 3 staining were detected in samples from JQ1-treated animals compared to control (**Figure [6](#F6){ref-type="fig"}E**).

Given the inherent heterogeneity of HNSCC, to more accurately mimic HNSCC in human, we developed PDX model from patients\' samples to further assess the therapeutic efficacy of JQ1. A series of PDX mice were successfully established and then randomly divided into subgroups receiving vehicle or JQ1 when PDX volume reach approximately 100 mm^3^ (**Figure [6](#F6){ref-type="fig"}F**). As displayed in **Figure [6](#F6){ref-type="fig"}G-J**, JQ1 administration remarkably inhibited tumor growth probably via repressing cell proliferation and inducing cell apoptosis as evidenced by quantification of Ki-67 and cleaved caspase 3 staining in samples. Furthermore, we plotted Kaplan-Meier survival curves and compared the progression-free survival in animals receiving treatment. Tumor progression was delayed in JQ1-treated animals with a median volume doubling of 9 days as compared to 6 days for vehicle-treated mice (*P*=0.0022, Log-rank test, **Figure [6](#F6){ref-type="fig"}K**).

JQ1-regulated gene risk score correlates patients\' survival in HNSCC
---------------------------------------------------------------------

To explore the transcriptional targets which might be responsible for therapeutic effects of JQ1 in HNSCC, we subjected total RNA samples from Cal27 and Fadu cells treated with JQ1 (0.5μM, 24h) to genomic-wide transcriptional profiling (**Figure [7](#F7){ref-type="fig"}A**). A total number of 478 upregulated genes and 614 downregulated genes by 2-fold or greater was identified in both cells (**Figure [7](#F7){ref-type="fig"}B, Figure [S11](#SM0){ref-type="supplementary-material"}A**). Genes with more than 5-fold changes (22 genes upregulated, 52 genes downregulated) were clustered in**Figure [7](#F7){ref-type="fig"}C**. Expression of ten candidates with downregulation were selected and independently validated by qRT-PCR. Our results revealed that expression levels of most candidates were reduced upon JQ1 exposure, although difference of FOFX2 mRNA in Cal27 and GPR68 mRNA in Fadu failed to reach statistical significance (**Figure [7](#F7){ref-type="fig"}D, Figure [S12](#SM0){ref-type="supplementary-material"}**). Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses indicated that those JQ1-downregulated genes were significantly enriched in multiple human cancers such as thyroid cancer, melanoma, bladder cancer and basal cell carcinoma, etc. Gene Ontology (GO) and GSEA analyses further revealed that these JQ1-regulated genes were significantly enriched in multiple cancer-related categories including Pathways in cancers and regulation of cell proliferation and growth (**Figure [7](#F7){ref-type="fig"}E, Figure [S11](#SM0){ref-type="supplementary-material"}B, Figure [S13](#SM0){ref-type="supplementary-material"}-14**). Furthermore, our data mining and interrogation of TCGA-HNSCC dataset found that among 52 genes downregulated by JQ1, 14 genes were significantly overexpressed in HNSCC samples and 4 genes were significantly associated with patient survival in patients from TCGA-HNSCC cohort (**Figure [S11](#SM0){ref-type="supplementary-material"}C-D**).

Next, we compared the transcriptional profiling data with others wherein diverse cancer cells were exposed to JQ1 and found that they were not significantly overlapped, thus suggesting that transcriptional targets modulated by JQ1 might be cancer-type specific (**Figure [S15](#SM0){ref-type="supplementary-material"}**). Finally, to determine whether these JQ1-regulated genes have prognostic significance in HNSCC, we developed a JQ1-related prognostic score comprising 4 genes (FRMD5, MXD4, PITPNM3 and TRIB3) by sequential univariate regression analysis, Robust likelihood-based modelling and multivariate regression analysis using TCGA-HNSCC dataset as training cohort (as schematic illustrated in **Figure [S16](#SM0){ref-type="supplementary-material"}**). As shown in **Figure [S17](#SM0){ref-type="supplementary-material"}**, the expression changes of these 4 genes upon BRD4 knockdown or JQ1 exposure were consistent with our microarray results. This risk score was calculated by the following formula: risk score = FRMD5×0.11890+MXD4×(-0.27234)+PITPNM3×(-0.20711)+TRIB3×0.20080. Distributions of this risk score for each patient among these three cohorts were shown in **Figure [S18](#SM0){ref-type="supplementary-material"}A-C**. The optimal cutoff for risk this score was 1.005 derived from ROC curve using TCGA-HNSCC dataset (**Figure [S18](#SM0){ref-type="supplementary-material"}D**). Then Kaplan-Meier analyses indicated that patients in high risk subgroup had markedly reduced survival as compared to those with low risk in TCGA-HNSCC dataset (*P*\<0.0001, **Figure [7](#F7){ref-type="fig"}F**). To reinforce the prognostic value of this risk score and rule out other confounding factors, we performed univariate and multivariate cox regression analyses and found that this risk score was an independent prognostic predictor for overall survival in the training cohort (**Table [S6](#SM0){ref-type="supplementary-material"}**). Furthermore, data from another two independent cohorts of HNSCC samples (GSE41613 and GSE42743) were further utilized as testing and validation cohorts to verify the prognostic utility of this risk score. Consistent with the findings from training set, patients with high risk score had significantly lower OS ratios as compared to those with low risk score in both testing and validation cohorts with sensitivity and specificity (*P*=0.00083, 0.0028; Log-rank test; **Figure [7](#F7){ref-type="fig"}G-H**, **Figure [S18](#SM0){ref-type="supplementary-material"}E-F**).

Discussion
==========

Dysregulation of chromatin modifiers has been increasingly appreciated as a hallmark of cancer [@B39]. Therapeutic strategies that selectively modulate the recruitment and/or activities of these modifiers like BET proteins at chromatin hold great promise as targeted anticancer therapies [@B7], [@B18]. Here, our data revealed that aberrant BRD4 overexpression significantly associated with cancer aggressiveness and unfavorable prognosis in HNSCC via serving as a putative pro-oncogenic factor driving cell proliferation, migration and invasion. Pharmacologic targeting of BRD4 by JQ1 potently inhibited tumor growth and progression in preclinical animal models. These findings provide ample evidence for the therapeutic utility of BRD4 inhibitors in HNSCC.

BRD4 overexpression as a novel biomarker with diagnostic and prognostic significance in HNSCC
---------------------------------------------------------------------------------------------

Growing evidence has indicated that BRD4 is usually upregulated in a broad spectrum of human malignancies and significantly associated with aggressive clinicopathological features and poor survival, thus indicative of BRD4 as a novel diagnostic and prognostic biomarker with translational potentials [@B11], [@B33], [@B40]. For example, BRD4 was aberrantly overexpressed in gastric cancer, renal cell carcinoma and melanoma, and its upregulation significantly correlated with advanced tumor stage, lymph node metastasis and inferior patient survival [@B11], [@B33], [@B40]. Consistent with these reports, our data mining from publically available databases and results from cell lines and clinical samples indicated that both mRNA and protein levels of BRD4 were aberrantly upregulated in a large fraction of HNSCC samples. In addition, its overexpression significantly correlated with malignant features such as advanced pathological grade, large tumor size and cervical lymph node metastasis as well as reduced survival. Importantly, BRD4 expression status was identified as an independent prognostic factor to predict patient survival by multivariate Cox regression analyses. However, we failed to identify positive association between BRD4 mRNA and prognosis in TCGA- HNSCC dataset and reasoned that this discrepancy might be due to patient heterogeneity, genetic background, etiological factors, cutoff values for patient stratification and possible inconsistency between mRNA and protein et al. Collectively, our data together with others indicate that BRD4 is a novel diagnostic and prognostic biomarker for HNSCC. Pre-treatment measurement of BRD4 abundance in HNSCC samples might provide information regarding patient stratification, prognostic prediction and indication for follow-up management. Of course, large number of prospectively enrolled patients from multiple centers is still needed to confirm the prognostic utility of BRD4 in HNSCC before its translation into the clinic.

With regard to the mechanisms responsible for aberrant BRD4 overexpression in cancer, several mechanistic models have been proposed at diverse regulatory levels. First, BRD4 amplification (19p13.1) and overexpression was found in 19/33 (57.5%) of epithelial ovarian cancer without BRCA mutations [@B41]. However, we failed to identify genetic amplification of BRD4 in TCGA-HNSCC dataset as evidenced by the facts that approximately 10% samples harbored genetic alternations and quite few amplification, thus precluding the possibility that genetic amplification of BRD4 was responsible for its overexpression in HNSCC. Second, several tumor suppressive microRNAs including miR-204 and miR-608 have been identified to directly modulate BRD4 mRNA expression by post-transcriptional silencing way in a few cancers [@B42], [@B43]. Moreover, recent studies have documented several post- translational modifications like phosphorylation, ubiquitination or deubiquitination induced by CDK9, SPOP or DUB3 as key mechanisms underlying BRD4 upregulation in specific types of cancer [@B44]-[@B46]. However, our initial results from bioinformatics analyses using TCGA-HNSCC datasets failed to support these abovementioned candidates as mediators responsible for BRD4 upregulation in HNSCC with consistent and ample evidence (data not shown). Therefore, the precise cellular and molecular mechanisms underlying BRD4 overexpression in HNSCC remain an open interesting question which is warranted in future in-depth investigations.

Key tumorigenic roles of BRD4 in promoting HNSCC initiation and progression
---------------------------------------------------------------------------

The clinical significance of BRD4 overexpression and/or hyperactivation in human cancer strongly implies its essential tumorigenic roles. Several lines of evidence have shown that BRD4 is required for cell transformation and cancer maintenance in select contexts. For example, both BRD4-NUT oncogenic in-frame fusion and BRD4 hyperphosphorylation drive neoplastic transformation by specifically activate Sox2 and c-MYC in NUT midline carcinoma [@B45], [@B47]. BRD4 was critically required for maintenance of acute myeloid leukemia as evidenced that BRD4 depletion led to robust anti-leukemic *in vitro* and *in vivo*, accompanied with cell cycle arrest, apoptosis, terminal myeloid differentiation and eradication of leukemia stem cells [@B48]. In line with these findings, our results indicated that increased BRD4 expression was observed along with disease progression from hyperplasia to invasive SCC in 4NQO-induced HNSCC animal model. Moreover, significantly impaired tumorigenicity and tumor overgrowth were observed upon BRD4 knockdown in the xenograft model. We reasoned that this might be in part attributed to the regulatory roles of BRD4 in the cancer stem cell, the unique subpopulation responsible for cancer initiation and tumorigenicity in HNSCC, since we found BRD4 enrichments in CSC subpopulation isolated from cell lines and cells cultured as tumorsphere, reduced self-renewal properties upon BRD4 depletion. This is also consistent with previous findings that BRD4 has been increasingly appreciated as a key regulator underlying CSC traits in multiple cancers [@B17], [@B49], [@B50].

A growing body of evidence has revealed that BRD4 facilitates cell proliferation, cell cycle progression, invasion and chemotherapeutic resistance in diverse cancer contexts [@B21], [@B45]. BRD4 inhibition by genetic or pharmacologic approaches resulted in marked induced of apoptosis, G0/G1 arrest by transcriptional inhibition at key genes like Bcl2, c-Myc and CDK6 [@B17], [@B40]. Additionally, BRD4 physically interacted with diacetylated Twist to form an activated Twist/BRD4/P-TEFb/RNA-Pol II complex at the WNT5A promoter and enhancer and in turn activated its transcription, thus enhancing invasion, CSC-like properties and tumorigenicity of basal-like breast cancer cells [@B51]. In accordance with these reports, our findings derived from shRNA-mediated BRD4 knockdown and pharmacological inhibition by JQ1 and OTX-015 indicated that impaired cell proliferation and migration/invasion were observed with concomitantly increased cell apoptosis and chemosensitivity in HNSCC cells upon BRD4 depletion. Noticeably, these vitro findings were further substantiated by the *in vivo* results wherein impaired tumorigenicity, reduced tumor growth and metastasis were observed in xenograft model and chemical-induced model. Complementary, these positive associations between overexpression of BRD4 and tumor size, cervical node metastasis in clinical samples provided additional support for these oncogenic roles of BRD4 in driving HNSCC progression. Taken together, our data offer compelling evidence to establish BRD4 as a bone fide pro-oncogenic mediator facilitating HNSCC initiation and progression.

Several lines of evidence have revealed that BRD4 is preferentially enriched at super-enhancers that drive the expression of key oncogene like c-Myc, Runx1 and Bcl2 and cooperates with lineage-specific transcriptional factors at these sites [@B52], [@B53]. Given the well-known oncogenic roles of c-Myc in HNSCC and c-Myc as a well-established downstream target of BRD4 [@B54], [@B55], we reasoned that c-Myc might be at least in part account for pro-oncogenic functions of BRD4 in HNSCC and anti-cancer effects induced by BET inhibitors like JQ1. Of course, we believe that other key and unknown mediators beyond c-Myc exist, which warrants further investigations of the accurate downstream targets of BRD4 in HNSCC to better pinpoint its mechanistic insights and develop potent therapeutic strategies.

Pharmacologic inhibition of BRD4 inhibits tumor growth and progression in HNSCC
-------------------------------------------------------------------------------

Pioneering works have established that multiple small-molecule inhibitors targeting BET proteins have promising therapeutic utilities in several preclinical cancer models, highlighting the translational potential of BET targeting in cancer [@B15], [@B21], [@B22], [@B56]. For example, BRD4 inhibition by JQ1 was more efficacious than direct androgen receptor antagonism to block tumor growth in castration-resistant prostate cancer xenograft model [@B15]. BRD4 depletion by shRNA significantly impaired tumor growth and lung metastasis in melanoma xenograft models [@B11]. More importantly, encouraging results from clinical trials about pharmacological BRD4 inhibition by OTX-015 in patients with lymphoma and multiple myeloma have revealed promising anti-cancer effects with acceptable toxic effects [@B37]. To explore the therapeutic potential of BRD4 targeting in HNSCC, we employed three types of HNSCC preclinical models including xenograft, chemical-induced as well as PDX model. At first, we compared IC50 of JQ1 and OTX015 in HNSCC, HOK and BMSCs and found that HOK and BMSCs were more resistant to these inhibitors as compared to HNSCC cells. These were also supported by following animal experiments wherein these chemicals were well-tolerated in animals. Moreover, our results from these models revealed that significantly reduced tumor growth and cervical node metastasis were observed upon JQ1 administration *in vivo*. This was collaborated by histopathological findings from chemical-treated samples wherein markedly reduced proliferation and increased apoptosis were detected. Thus, in agreement with effects of BETi in other hematological and solid malignancies, these findings indicated that therapeutic targeting BRD4 in HNSCC was feasible and efficacious. Furthermore, transcriptional profiling of HNSCC upon JQ1 exposure revealed that hundreds of genes were significantly affected, which were enriched in multiple cancer-related pathways. Intriguingly, comparisons of transcriptional profiling data between HNSCC cells and other types of cancer cells following JQ1 treatment revealed relatively small number of overlapped genes which was consistent with previous findings that specific changes predominated in diverse cellular contexts in which BET inhibitors treatment resulted in loss of BRD4 at super-enhancers and preferentially modulated key tissue- or cancer-specific genes, mainly lineage- specific transcriptional factors [@B19], [@B52], [@B53]. Given the well-established effects of BRD4 during transcription, we reasoned that therapeutic targeting of BRD4 by JQ1 was mediated by its profound effects on gene transcription. Recent reports suggested that BRD4 preferentially modulated target gene expression by enriching in their super-enhancer regions and genes regulated by super-enhancers were particularly sensitive to BET inhibition [@B17], [@B53]. However, considering the fact that both JQ1 and OTX015 are BET inhibitors but not strictly specific to BRD4 inhibition, we believe that these anti-cancer effects of JQ1 observed in HNSCC are probably dependent on BRD4 as evidenced by consistent results between BRD4 knockdown and JQ1 treatment. Of course, we here can\'t rule out the possibility that other uncharacterized targets of JQ1 were also involved. Thus, the precise targets responsible for these anti-cancer effects of JQ1 in HNSCC remain an open and interesting question. Furthermore, therapeutic resistance following BRD4 inhibition alone in selected cancer contexts has attracted attentions and several combinational therapeutic strategies like JQ1 and HDACi in preclinical models have shown synthetic effects with more sensitivity and potency [@B49], [@B57], [@B58]. Quite recently, Leonard B and his colleagues have reported that BRD4 targeting potently circumvented toxicities and acquired resistance of receptor tyrosine kinase inhibitor, and combination of cetuximab and JQ1 may be a promising therapeutic strategy for patients with HNSCC [@B59]. However, optimized therapeutic regime regarding BRD4 inhibition alone or in combination with other drugs has yet to be developed for HNSCC.

Importantly, we developed a novel prognostic risk score derived from JQ1-regulated genes in HNSCC cells by bioinformatics and statistical approaches. This risk score potently stratified patients into subgroups with favorable or inferior survival in three independent publically available HNSCC datasets. Of course, at present, optimal biomarkers, gene signature and risk score are urgently needed to identify patients who might be suitable or benefited from BRD4 inhibition.

Conclusions
===========

Our data reveal that BRD4 serves as a novel pro-tumorigenic factor driving HNSCC progression and a robust biomarker for HNSCC prognostic prediction. Our findings from preclinical animal models highlight the feasibility, potency and values of therapeutic targeting of BRD4 against HNSCC.
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![**Overexpression of BRD4 mRNA associates with tumor aggressiveness in HNSCC. A-D.** The expression level of BRD4 mRNA (log2-transformed) was compared between HNSCC samples and normal counterparts in multiple patient cohorts. The original data were retrieved from TCGA and Oncomine database and then plotted. Y-axis represents the median intensity, 25th and 75th percentile data. Student\'s*t* test, \**P* \< 0.05; \*\**P* \< 0.01. **E.** The relative expression of BRD4 mRNA was measured by qRT-PCR in freshly collected HNSCC samples and paired adjacent non-tumor mucosa. The height of column represents the fold change (log2-transformed) in BRD4 expression in these 65 patients (right panel). Paired*t* test, \**P* \< 0.05; \*\**P* \< 0.01. **F.** Relative expression of BRD4 mRNA (Log2-transformed) was compared among TCGA-HNSC subgroups stratified by pathological grade. Y-axis represents the median intensity, 25th, and 75th percentile data. ANOVA test, \**P* \< 0.05; \*\**P* \< 0.01.](thnov09p1777g001){#F1}

![**Expression patterns of BRD4 protein in HNSCC samples and 4NQO-induced HNSCC animal model and its overexpression positively associates with patients\' survival. A-C.** Representative BRD4 expression in human normal oral mucosa (**A**) and HNSCC specimens (**B, C**) was evaluated by immunohistochemical staining. Images (upper panel) marked by black-box were shown in larger magnification as images (lower panel), respectively. Scale bar: 50μm. **D, E.** Overall (**D**) and disease-free (**E**) survival analyses of patients with high or low expression of BRD4 based on IHC data were estimated by Kaplan-Meier method and compared with Log-rank test. **F.** Experimental design of 4NQO-induced HNSCC animal model. **G-J.** Immunohistochemical staining of BRD4 in samples from diverse stages in 4NQO-induced HNSCC animal model. Images in the upper panel were representative of BRD4 staining in normal (**G**), epithelial with hyperplasia (**H**), epithelial with severe dysplasia/carcinoma *in situ* (**I**) and squamous cell carcinoma (**J**), respectively. Images in the lower panel were magnified from the black box area in the images in the upper panel, respectively. Scale bar: 50μm.](thnov09p1777g002){#F2}

![**BRD4 knockdown inhibits cell proliferation, migration and invasion and tumorsphere formation and triggers apoptosis in HNSCC cells. A.** Endogenous BRD4 was efficiently reduced by shRNA targeting BRD4 in Cal27 and Fadu cells. Representative images of western blot were shown. **B-C.** Cell proliferation was remarkably suppressed upon BRD4 knockdown as measured by MTT (**B**) and colony formation (**C**) assays. **D-E.** Increased percentages of apoptotic cells were observed following BRD4 knockdown as assayed by Annexin V-PI staining and expression changes of relevant markers. Representative images were shown. **F-G.** The migration and invasion abilities were significantly reduced in shBRD4-transfected cells in wound healing and transwell assays, respectively. **H.** The abundance of E-cadherin, N-cadherin and Vimentin was measured by western blot following BRD4 knockdown. Representative images were shown. **I.** The protein expression of BRD4 and c-Myc cultured in monolayer and tumorsphere were detected by western blot. Representative images were shown. **J.** The ability of tumorsphere formation was significantly reduced in shBRD4-transfected cells relative to cells with control shRNA. Scale bar: 50μm. **K.** The abundance of cancer stem cells markers was probed in Cal27 and Fadu cells with stable infected BRD4 knockdown. Representative images of western blot were shown. Student\'s *t* test, \**P* \< 0.05; \*\**P* \< 0.01.](thnov09p1777g003){#F3}

![**BRD4 knockdown results in impaired xenograft tumor growth *in vivo.* A, C.** Tumor volume (upper panel) and final weight (lower panel) were monitored in xenograft samples derived from Cal27 (**A**) or Fadu (**C**) cells with stable BRD4 knockdown or controls. Student\'s *t* test, \**P* \< 0.05; \*\**P* \< 0.01. **B, D.** Immunohistochemical staining of BRD4, c-Myc, Ki67 and Cleaved caspase3 in xenograft samples derived from Cal27 (**B**) or Fadu (**D**) cells with stable BRD4 knock-down or controls. Representative images of IHC were shown. Scale bar: 50μm.](thnov09p1777g004){#F4}

![**JQ1 treatment results in impaired proliferation, migration and tumorsphere formation and induces cell apoptosis in HNSCC cells. A.** Endogenous c-Myc protein was efficiently inhibited by JQ1 in a dosage-dependent manner in Cal27 and Fadu cells for 48h. Representative images of western blot were shown. **B.** The mRNA levels of c-Myc were significantly decreased following JQ1 treatment (0.5μM) for indicated time. ANOVA, \**P* \< 0.05, \*\**P* \< 0.01. **C.** The colony formation potential was inhibited following JQ1/OTX015 treatment (0.5μM) as compared to vehicle treatment. **D.** Increased percentages of apoptotic cells were evident following JQ1 exposure (0.5μM, 48h) as assayed by Annexin V-PI staining (upper panel). The expression of multiple markers involved in cell apoptosis was measured by western blot (lower panel). Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **E-F.** The migration and invasion abilities were significantly reduced following JQ1/OTX015 treatment (0.5μM) in wound healing and transwell assays, respectively. Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **G.** The abundances of E-cadherin, N-cadherin and Vimentin were measured by western blot following JQ1 treatment. Representative images were shown.**H-I.** The ability of tumorsphere formation was significantly reduced in JQ1-treated cells relative to cells treated with vehicle. Representative images were shown. Scale bar: 50μm. Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **J.** The abundance of cancer stem cells markers was probed in Cal27 and Fadu cells after JQ1 treatment. Representative images of western blot were shown.](thnov09p1777g005){#F5}

![**The BRD4 inhibitor JQ1 inhibits growth and metastasis in 4NQO-HNSCC and PDXs models. A.** Experimental schedule for therapeutic interference of JQ1 in 4NQO-induced HNSCC model. Mice were randomly divided into two groups (n=10 for each group), and treated by either vehicle or JQ1 (50mg/kg/day) for consecutive 3 weeks. **B.** Representative image of tongue lesions and H&E staining. Images in the left or right panel were magnified from the black box area in tongue specimen. Scale bar: 50μm **C.** Quantification of dysplasia and SCC in mice treated with JQ1 and vehicle. Values are mean ± SD from the pool of two independent experiments. Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **D.** The ratio of mice having lymph node metastasis after treatments with JQ1 and vehicle. Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **E.** Representative immunohistochemical staining of Ki-67 and Cleaved caspase 3 in samples from mice treated with vehicle and JQ1. Scale bar: 50μm. **F.** Schematic description of experimental procedure for HNSCC PDX generation and passaging. Here, the third generation (P2) mice were randomly divided into two group (n=6 per group) when the volume of PDX tumor reached about 100 mm^3^ and treated with vehicle or JQ1 (50mg/kg/day) for consecutive 3 weeks. **G.** Image of HNSCC-PDX samples harvested from vehicle- and JQ1-treated animals. **H-I.** Tumor volume changes of PDX samples were monitored from treatments initiated (**H**). Final weight of tumor masses harvested from JQ1-treated or control animals was compared (**I**). Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. **J.** Representative immunohistochemical staining of Ki-67, Cleaved caspase 3 in samples from PDX mice treated with vehicle and JQ1 (left panel). Quantification data of positive staining cells were shown (right panel). Student\'s *t* test, \**P* \< 0.05, \*\**P* \< 0.01. Scale bar: 50μm. **K.** Cumulative incidence plot depicting the percentage of tumors in each treatment group that have doubled in volume as a function of time. Log-rank test.](thnov09p1777g006){#F6}

![**Prognostic risk score generated from JQ1-regulated genes correlates with survival of HNSCC patients. A.** The experimental design of genomic transcriptional profiling of HNSCC cells treated with JQ1. Cal27 or Fadu were treated with JQ1 (0.5μM) or vehicle for 24h and RNA were analyzed by Agilent SurePrint G3 Human Expression v3 platform. **B.** Overlapped genes upregulated (left panel)or downregulated (right panel) in Cal27 and Fadu cells following JQ1 exposure. **C.** The top upregulated (red) and downregulated (green) genes with more than 5-fold change upon JQ1 treated in Cal27 and Fadu cells were clustered and shown in heatmap. **D.** The mRNA levels of ten gene candidates were determined by RT-PCR and the c-Myc was selected as a positive control. GAPDH was utilized as loading control. Student\'s *t* test, ^\#^ not significant, \**P* \< 0.05, \*\**P* \< 0.01. **E.** GSEA analyses revealed that JQ1-regulated gene in Fadu cells was significantly enriched in KEGG category_Pathway in Cancer. **F-H.** A JQ-1 regulated gene signature was developed by univariate regression assay using HNSCC dataset and Robust likelihood-based modelling with Rbsurv package and multivariate Cox regression analysis from those overlapped and differentially expressed genes upon JQ1 exposure in Cal27 and Fadu cells (as detailed in Materials and methods part and **Figure [S16](#SM0){ref-type="supplementary-material"}**). The Kaplan-Meier analyses of overall survival in patients from TCGA-HNSCC (**F**) and GEO datasets (GSE41613 (**G**), GSE42743 (**H**)) who were stratified by a prognostic risk score derived from JQ1-regulated gene signature (Log-rank test).](thnov09p1777g007){#F7}

[^1]: \*These two authors contributed equally to this study.

[^2]: Competing Interests: The authors have declared that no competing interest exists.
